The outer membrane proteins of the pathogen are targeted to understand host-pathogen interactions and are central to the development of diagnostics. We report that Leptospira interrogans serovar Copenhageni strain Fiocruz L1-130 contains a gene LIC13341 that encodes a conserved outer membrane/periplasmic lipoprotein. The gene LIC13341 was cloned into expression vector pET28a and the recombinant LIC13341 (r-LIC13341) protein was purified from Escherichia coli BL21 (DE3) using affinity chromatography. The secondary structure of the purified r-LIC13341 protein featured a typical b-strand when observed by circular dichroism spectroscopy. Immunoblotting using antibodies raised against r-LIC13341 in BALB/c mice can detect LIC13341 expression in the Leptospira lysates and suggested that antigen LIC13341 is immunogenic. Phase separation and protease assays determined that LIC13341 is a surface-exposed outer membrane protein of Leptospira. The r-LIC13341 can bind to a wide spectrum of host extracellular matrices (ECMs). The specific adherence of Leptospira to laminin and hyaluronic acid of the ECM was competitively inhibited in the presence of r-LIC13341. The enzyme-linked immunosorbent assay and immunoblot performed using human or bovine leptospirosis serum (n=50) recognized r-LIC13341, suggesting that LIC13341 is expressed in diverse hosts during Leptospira infection. Thus, the present finding suggests that the Leptospira LIC13341 antigen is a versatile outer membrane adhesin of diagnostic importance.
INTRODUCTION
Leptospirosis is an important re-emerging zoonotic disease that is caused by spirochetes of the genus Leptospira. These spirochetes affect a broad spectrum of mammalian hosts, including humans [1] . The dissemination of leptospires throughout the infected host can manifest itself in a wide range of clinical symptoms, including abrupt onset of fever, chills, conjunctival suffusion, headache, myalgia and jaundice. It is estimated that more than a million cases of leptospirosis are reported annually worldwide, and over 70 % of cases are from tropical countries [2] . Most outbreaks of human infection have been confined to developing tropical and subtropical countries [3, 4] .
The molecular mechanisms of Leptospira pathogenesis are not well elucidated. However, it is thought that the adhesion of Leptospira to host tissue components is a crucial step for establishing infection and pathogenesis. The extracellular matrix (ECM) is a major versatile structure produced by resident cells of the host. These host matrices are known to facilitate bacterial cell attachment and in some cases pathogen dissemination. In the last two decades, many known adhesins of Leptospira have been reported that may be critical in the pathogenesis of leptospirosis [5] [6] [7] . In addition, the virulence factors of pathogens expressed in host during infection are expected to elicit specific humoral immune responses and thus may serve as candidate markers for recombinant protein-based serodiagnostic tests. Among other spirochetes, Borrelia spp. [8] [9] [10] and Treponema pallidum [11] [12] [13] [14] have also been shown to express various outer membrane proteins (OMPs) that allow attachment to various ECMs. Due to the uncultivable nature of T. pallidum, studies on the surface proteins of T. pallidum lying at the host-pathogen interface have been performed by heterologous expression in other spirochetes [13] .
The ECM is a complex association of macromolecules comprising polysaccharides chains of glycosaminoglycans (GAGs) and fibrous proteins such as laminin, collagen, elastin and fibronectin. The most important GAGs for the composition of the ECM are hyaluronic acid, chondroitin sulfate and heparan sulfate. Hyaluronic acid, a major ECM component, is a non-sulfated GAG composed of repeating polymeric disaccharides D-glucuronic acid and N-acetyl-Dglucosamine [15] . Interestingly, hyaluronic acid is the only GAG that is not attached to a core protein. On the other hand, laminins are heterotrimers that form the major constituents of the basement membrane of epithelium and endothelium. Laminin-binding proteins have been reported in several pathogens, e.g. EhaB of E. coli [16] , Tp0136 of T. pallidum [17] , and OmpL37 [18] , Lsa24, Lsa27 and Lsa63 of Leptospira [7] .
In the present study, we have characterized a putative outer membrane/periplasmic lipoprotein LIC13341 of Leptospira interrogans. The selected LIC13341 protein of Leptospira was evaluated for its sub-cellular location, its ability to bind to host ECM components and its potential diagnostic application for leptospirosis.
METHODS
Bacterial strain, culture media and serum A panel of three pathogenic Leptospira reference strains, L. interrogans serovar Copenhageni strain Fiocruz L1-130, L. interrogans serovar Lai strain Lai and L. interrogans serovar Canicola strain Hond Utrecht IV, and one non-pathogenic Leptospira strain, L. biflexa serovar Patoc strain Patoc 1, were obtained from the Indian Council of Medical Research, Regional Medical Research Centre (ICMR, RMRC), Port Blair, Andaman and Nicobar Islands, India. Two other reference strains, L. interrogans serovar Pomona strain Pomona and L. interrogans serovar Bataviae strain Swart, were obtained from the Indian Council of Agricultural Research-National Institute of Veterinary Epidemiology and Disease Informatics (ICAR-NIVEDI), Bengaluru, India. A total of 50 human/bovine serum samples that had tested positive for leptospirosis by the microscopic agglutination test (MAT), along with MAT-negative human (n=15) and bovine (n=10) serum samples, were obtained from ICAR-NIVEDI. The Leptospira serogroups (serovars) included in the antigen panel for the MAT were Australis (L. interrogans serovar Australis), Autumnalis (L. interrogans serovar Bankinang), Canicola (L. interrogans serovar Canicola), Sejroe (L. interrogans serovar Hardjo), Hebdomadis (L. interrogans serovar Hebdomadis), Pyrogenes (L. interrogans serovar Pyrogenes), Icterohaemorrhagiae (L. interrogans serovar Icterohaemorrhagiae and L. interrogans serovar Copenhageni), Pomona (L. interrogans serovar Pomona), Djasiman (L. interrogans serovar Djasiman), Bataviae (L. interrogans serovar Bataviae), Tarassovi (L. borgpetersenii serovar Tarassovi and L. inadai serovar Kaup), Javanica (L. borgpetersenii serovar Javanica), Shermani (L. santarosai serovar Shermani), Grippotyphosa (L. kirschneri serovar Grippotyphosa), Panama (L. noguchii serovar Panama) and Hurstbridge (L. fainei serovar Hurstbridge). The Leptospira were grown in EllinghausenMcCullough-Johnson-Harris (EMJH) medium (Difco, Becton Dickinson India Pvt Ltd, New Delhi, India) maintained at 29 C, unless stated otherwise. A 7-day-old culture of Leptospira (500 µl) was inoculated in 5 ml of EMJH medium with or without 5-Fluorouracil (HiMedia) and subcultured successively at 7-day intervals for genomic DNA or total RNA isolation. Bacterial cells of Escherichia coli strains DH5a and BL21 (DE3) were grown at 37 C in LuriaBertani (LB) liquid medium or LB agar with or without ampicillin or kanamycin (SRL) at a concentration of 100 µg ml À1 for cloning, transformation and expression studies.
In silico analysis of the coding sequence of LIC13341 The amino acid sequence of LIC13341 was obtained from the NCBI reference protein (refseq_protein) database. The programs SignalP 3.0 [19] , PSORT [20] and CELLO v2.5 [20] [21] [22] were used for bioinformatics analysis of LIC13341.
The amino acid sequence of LIC13341 protein was analysed manually to identify the presence of signal peptides, as per the criteria set for spirochete lipoprotein [23] . The program Mega7 was used for phylogenetic analysis [24] . A phylogenetic tree was constructed using the maximum-likelihood method on the Jones-Taylor-Thornton (JTT) matrix model [25] . The bootstrap test was performed with 1000 replications to generate a reliable phylogenetic tree.
Recombinant DNA techniques and nucleic acid isolation A 10 ml volume of a 7-day-old culture of Leptospira containing 10 9 spirochetes was used for genomic DNA isolation by using a bacterial genomic DNA purification kit (HiMedia, HiMedia Laboratories Pvt Ltd, Mumbai, India), as per the manufacturer's instructions. Total RNA of Leptospira was isolated using TRIzol reagent (Invitrogen Bio-Services India Pvt Ltd, Bengaluru, India) as described elsewhere [26] . The isolated total RNA of Leptospira was treated with DNase I [New England Biolabs (NEB), Hitchin, Herts, UK)] before the complementary first-strand synthesis using a Verso cDNA synthesis kit (Thermo Fisher Scientific India Pvt Ltd, Mumbai, India). Additionally, to rule out any DNA contamination in the RNA samples of Leptospira, a firststrand synthesis reaction was set up as a negative control without the reverse transcriptase. PCR and reverse transcriptase PCR (RT-PCR) was performed using genomic DNA or the cDNA as template, and gene-specific complementary primer pairs: LIC13341, F: 5¢CTAGCTAGCAAAA CACCTCCTGATTCCAAA3¢ (NheI) and R: 5¢CCGCT CGAGTCATTCTTGCTTGGAAACCA3¢ (XhoI); LIC11889 (flaB), F: 5¢ATGATTATCAATCACAACCTGAGTG3¢ and R: 5¢TTAGATCTGCTGCAGAAGCTTG3¢.
Plasmids (pTZ57R/T and pET28a) were isolated from 5 ml of E. coli culture using a plasmid purification kit (HiMedia). Standard procedures were followed for the generation of recombinant plasmid. The QIAquick gel extraction kit (Qiagen, New Delhi, India) was used for the isolation of DNA fragments from agarose gel. All DNA fragments were resolved onto 0.8 % agarose gel. All enzymes used for DNA manipulations were obtained from New England Biolabs or Fermentas (Mumbai, India).
Protein overexpression and purification
The predicted coding DNA sequence (CDS) of LIC13341 is 1230 base pairs (bp) in size. The gene LIC13341, without the sequence encoding signal peptide, was PCR-amplified (1065 bp) using genomic DNA of L. interrogans serovar Copenhageni strain Fiocruz L1-130. An InstaTA cloning kit (Thermo Fisher Scientific) was used to obtain the restriction endonuclease (NheI and XhoI)-treated insert of LIC13341. Subsequently, cloning of the LIC13341 gene was performed into pET28a expression vector (Novagen, San Diego, CA, USA) at the NheI and XhoI sites. DNA sequencing was performed after cloning by outsourcing to Eurofins Genomics India Pvt Ltd, Bengaluru, India. The calculated molecular size of the recombinant LIC13341 (r-LIC13341) is 42.3 kDa, which includes the vector fusion (2.3 kDa) and the coding amino acid sequences (40 kDa). E. coli BL21 (DE3) strain was used for the expression of r-LIC13341 and induction was performed in 1 l of LB medium by the addition of 0.5 mM isopropyl-b-D-thiogalactopyranoside (IPTG) at 37 C for 4 h. Purification of recombinant protein was performed by affinity column chromatography using nickelnitrilotriacetic acid (Ni-NTA) resins as described previously [26, 27] . The purified recombinant protein r-LIC13341 was dialyzed (Pierce protein dialyzing cassette) and concentrated (Corning Centricon Spin-x-UF) to 0.4 mg ml À1 in phosphate-buffered saline (PBS; 137 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 and 2 mM KH 2 PO 4 ) before storage at À80 C. Similarly, recombinant LIC10191 (r-Loa22) was expressed and purified in our laboratory as described elsewhere [28] .
Generation of polyclonal antibodies against purified recombinant LIC13341
The r-LIC13341 antigen was used to immunize 4-6-weekold female BALB/c mice subcutaneously. About 10 µg per mouse of recombinant protein emulsified in Freund's complete adjuvant (FCA, cat. no. sc-3727 from Santa Cruz Biotechnology) was used for primary immunization (five mice per group). The negative control group was injected with an equal volume of PBS along with the adjuvant. Immunized mice were subsequently given two booster injections of the recombinant protein emulsified in Freund's incomplete adjuvant (FIA, cat. no. 3726 from Santa Cruz Biotechnology) 14 and 24 days after primary immunization. Ten days after the second booster, each mouse was bled from the retro-orbital plexus. Sera containing anti-LIC13341 polyclonal antibody were pooled for the immunoblot assay and the enzyme-linked immunosorbent assay (ELISA). The immunization experiments in mice were performed at the Department of Microbiology, College of Veterinary Science, Assam Agricultural University, Guwahati, India, after approval by the Institutional Animal Ethics Committee (approval no. 770/ac/CPCSEA/FVSc/AAU/IAEC/13-14/ 235).
Immunoblot assay to detect LIC13341
Whole-cell lysates of Leptospira (1Â10 9 cells) and/or the r-LIC13341 were resolved onto 12 % SDS-polyacrylamide gel and transferred to a nitrocellulose membrane (HiMedia). Membranes were blocked overnight with 5 % non-fat dried milk diluted in Tris-buffer saline (TBS; 20 mM Tris-Cl, pH 7.5, and 150 mM NaCl) containing 0.05 % Tween 20 (TBS-T). It was then probed, depending on the experiments, with either mouse anti-LIC13341 polyclonal serum (1 : 1000) or human/bovine pooled sera (1 : 200) that tested positive or negative for leptospirosis for 2 h at room temperature. After washing, the membranes were incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies of goat anti-mouse IgG (1 : 5000; Sigma)/goat antihuman IgG (1 : 5000; Genei)/rabbit anti-bovine IgG (1 : 5000; Sigma) in TBS-T for 1 h. The protein reactivity was measured by adding chemiluminescence substrate (Thermo Fisher Scientific, cat. no. 32209) over the nitrocellulose membrane after washing with TBS-T and imaged under Chemidoc (Bio-Rad XRS+).
Phase partitioning of Leptospira membrane proteins using Triton X-114 Phase separation of the integral membrane proteins of Leptospira to localize LIC13341 was performed using Triton X-114 solution as described elsewhere [29] . Briefly, a 50 ml mid-log-phase culture of L. interrogans serovar Copenhageni (5Â10 9 cells) was harvested and washed in PBS containing 5 mM MgCl 2 . The membrane proteins were extracted at 4 C in the presence of 1 % Triton X-114 (Sigma), 150 mM NaCl, 10 mM Tris (pH 8) and 1 mM EDTA. The insoluble debris was removed by centrifugation at 12 000 g for 15 min and then 20 mM CaCl 2 was added to the supernatant. Phase separation was performed by warming the supernatant at 37 C and subjecting it to centrifugation for 10 min at 1000 g. The detergent and aqueous phases were separated and precipitated with 10 volumes of chilled acetone. The aqueous and detergent phases were then resolved onto 12 % SDS-polyacrylamide gel before transferral to a nitrocellulose membrane for immunoblot analysis.
Protease-accessibility assay for the cellular localization of LIC13341 A proteinase K assay was performed for the cellular localization of LIC13341 using a method described elsewhere [30] . Briefly, 15 ml culture of 6-day-old (mid-log-phase) L. interrogans serovar Copenhageni (2.5Â10 8 spirochetes ml
À1
) was harvested and re-suspended in 6 ml of PBS containing 25 µg of proteinase K (SRL). Tubes containing 1 ml of resuspended spirochetes were then incubated for 0, 1, 3 and 5 h before the addition of 10 µl of 100 mM phenylmethylsulfonyl fluoride (PMSF; HiMedia) to terminate the proteinase K activity. The suspensions were subsequently pelleted by centrifugation at 5000 g for 15 min, washed twice with PBS and resuspended in 1 ml of PBS for the ELISA using antiOmpL54, anti-LIC13341 and anti-LipL31 antibodies. OmpL54 and LipL31 are the outer membrane and cytoplasmic membrane leptospiral proteins that were used in this study as positive and negative controls, respectively [31, 32] . The antibodies against OmpL54 and LipL31 raised in rabbits were obtained from Dr David Haake. For the cellular localization of LIC13341 by ELISA, 100 µl of the proteinase K-treated leptospires was used to coat the microtitre plates and incubated for 16 h at room temperature. It was then blocked with 100 µl of 3 % bovine serum albumin (BSA) at 37 C for 2 h. The primary antibodies against OmpL54/LIC13341/LipL31 were used at dilutions of 1 : 50, 1 : 1,000 and 1 : 1,000, respectively. Goat anti-rabbit/antimouse IgG HRP-conjugated secondary antibodies (Sigma) were used at a dilution of 1 : 5000. The binding of secondary antibodies was detected by adding 50 µl of tetramethyl benzidine (TMB) peroxidase substrate (Thermo Fisher Scientific). The peroxidase reaction was terminated by adding 50 µl of 1 M H 2 SO 4 before the final optical density (OD) was taken using an ELISA plate reader (Infinite 200 Pro, Tecan) at a wavelength of 450 nm. The data obtained were plotted assuming 100 % reactivity for the detection of LIC13341, OmpL54 and LipL31 at 0 h of proteinase K treatment.
Circular dichroism (CD) spectroscopy
Circular dichroism (CD) spectroscopy measurements were performed for r-LIC13341 at room temperature using a Jasco J-815 spectropolarimeter (Japan Spectroscopic, Tokyo) at a scanning speed of 100 nm min
À1
. The far-ultraviolet CD spectra were measured using a 1 mm path-length cell at 0.5 nm intervals. The spectra were presented as an average of three scans recorded from 190 to 260 nm. The molar ellipticity (F) is expressed in degrees cm 2 dmol
. The spectra data were submitted to the K2D2 web server [33] , which calculated the secondary structure content from the ellipticity experimental data. The theoretical secondary structure was calculated using PSIPRED v3.3 [34] .
Binding of recombinant LIC13341 to host extracellular matrix (ECM) components
The host ligands included in the study were fibronectin (Sigma; cat. no. F4759), laminin (Sigma; cat. no. L2020), collagen from calf skin (Sigma; cat. no. C9791), collagen type I from rat tail (Merck; cat. no. 08-115), elastin (Sigma; cat. no. E1625), chondroitin sulfate A (Sigma; cat. no. C9819), hyaluronic acid (Sigma; cat. no. H7630) and heparan sulfate (Sigma; cat. no. H7640). Additionally, ligand fetuin, a glycoprotein from foetal calf serum (New England BioLabs), and an antigen that is known to be moderately binding to ECMs, r-Loa22, were used as controls. The binding of the antigens (r-LIC13341 and r-Loa22) to these host ECM components was analysed by indirect ELISA. Briefly, microtitre plate wells were coated in duplicates with 1 µg of the solubilized ECM components, BSA (negative control protein) and fetuin (highly glycosylated negative control protein) in 50 µl of PBS for 2 h at 37
C. The wells were washed three times with PBS-T and then blocked with 3 % BSA overnight at 4 C. Solubilized antigens (r-LIC13341 and r-Loa22) were added to the respective wells at a concentration of 1 µg per 50 µl of PBS for binding to the coated ECM components, BSA and fetuin for 2 h at 37 C. After three washes, antigenbound wells were probed with mouse polyclonal anti-LIC13341 (1 : 1000) or rabbit polyclonal anti-Loa22 (1 : 1000) antibodies in 50 µl of PBS for 2 h at 37 C. Each well was washed thrice and the antigen-bound primary antibodies were probed with HRP-conjugated anti-mouse or anti-rabbit IgG in 50 µl of PBS (1 : 5000) for 1 h at 37 C. The other steps were performed as described for the protease accessibility assay for the cellular localization of r-LIC13341.
Dose-response curves and K D values
Micro-test plates were coated overnight with 1 µg laminin or hyaluronic acid. Each plate was blocked with 3 % BSA, followed by the addition of increasing concentrations of r-LIC13341 (0-24 µM). After 2 h of incubation at 37 C, the assessment of bound protein was performed using anti-LIC13341 (1 : 1000) antibody and HRP-conjugated antimouse IgG (1 : 5000). The ELISA data, when reactions reached a saturation point, were used to calculate the equilibrium dissociation constant (K D ), according to the previously described method [35] . The equation used for the
, where A is the absorbance at a given protein concentration, A max is the maximum absorbance for the ELISA plate reader (equilibrium), [protein] is the protein concentration and K D is the equilibrium dissociation constant for a given protein concentration (ELISA data point).
Inhibition of live leptospires adherence to laminin and hyaluronic acid by r-LIC13341 ELISA plates were coated with laminin or hyaluronic acid (1 µg well
À1
) for overnight at 4 C. The microtitre plates were washed and blocked with 3 % BSA for 2 h at 37 C. Thereafter, the wells of the micro-test plates were incubated with increasing concentrations of r-LIC13341 (0-10 µg) as described previously [30] . After three washings, live L. interrogans serovar Copenhageni (1Â10 8 spirochetes per well in 100 µl) were allowed to adhere to the antigen-coated microtitre plates for 90 min at 37 C. After the microtiter plates were washed, the bound leptospires were quantified indirectly by probing with rabbit anti-Loa22 antibody (1 : 1000) and its secondary HRP-conjugated antibodies (1 : 5000).
Effect of laminin oxidation on the protein-laminin interaction
To evaluate the role of the carbohydrate moiety of laminin on binding with r-LIC13341, microtitre plate wells were coated with 1 µg of laminin in 50 mM sodium acetate buffer, pH 5.0, and incubated for 16 h at 4 C. The wells were washed three times with 50 mM sodium acetate buffer, pH 5.0, and immobilized laminin was treated with different sodium metaperiodate concentrations (5-100 mM) in the same buffer for 15 min at 4 C in the dark as described previously [36] . After three washes with 50 mM sodium acetate buffer, the wells were blocked with 100 µl of 1 % BSA for 1 h at 37 C. The binding of r-LIC13341 (1 µg in PBS per well) to periodate-treated laminin was assessed as described in the protease accessibility assay for the cellular localization of r-LIC13341.
Effect of r-LIC13341 denaturation on its interaction with hyaluronic acid
The untreated and heat-denatured (95 C for 10 min) recombinant LIC13341 (0.25-4 µM) was allowed to bind to the hyaluronic acid (1 µg per well)-coated microtitre plate. The binding was measured by indirect ELISA as described in the study of the interaction between r-LIC13341 and the host ECMs.
ELISA for recognition of r-LIC13341 using serum samples that tested positive for leptospirosis Human/bovine serum samples (n=50) that had tested positive for leptospirosis by MAT, and control human (n=15)/ bovine (n=10) serum samples that had tested negative by MAT, were used for the recognition of r-LIC13341 by indirect ELISA. Microtitre plates were coated in duplicate with r-LIC13341 (400 ng per well) overnight at 4 C and then the unbound surface was blocked with 3 % BSA at 37 C for 2 h. After three washings of the plate with 200 µl of PBS containing 0.05 % Tween 20, the wells were probed with human/ bovine leptospirosis sera (1 : 100) at 37 C for 2 h. The microtitre plate wells were probed with secondary HRP-conjugated anti-human IgG (Genei; cat. no. 62114028001A)/anti-bovine IgG (Sigma; cat. no. A5295) at 1 : 5000 dilution for 1 h at 37 C. The binding was measured as described in the section on the protease accessibility assay for the cellular localization of r-LIC13341. The cutoff value for antibody reactivity was calculated as described previously [28, 37] . Briefly, the average and the standard deviation (SD) were calculated from the MAT-negative serum groups, and the cutoff value of the average plus 2 SDs was used for analysis. All of the absorbance values obtained from the ELISA that equaled or exceeded the cutoff value were considered to be positive for infection and were used to calculate the per cent sensitivity of the assay. The per cent specificity of the assay was calculated using the number of samples in the MAT-negative group that were below the calculated cutoff value.
Statistical analysis
All of the results are expressed as the mean±SD. Student's paired t-test was used to determine the significance of the differences between the means and P values of <0.05 were considered to be statistically significant. Two independent experiments were performed, each one in duplicate or triplicate as described.
Cohen's kappa coefficient value was calculated for the statistical agreement between the ELISA and MAT diagnostic tests with a 95 % confidence interval (CI) [38] . The kappa value of the agreement levels was interpreted as indicating poor agreement (<0.20); fair agreement (0.21-0.40); moderate agreement (0.41-0.60); good agreement (0.61-0.80); and very good agreement (0.81-1.00), as described elsewhere [39] . All statistical procedures were performed using MedCalc software (MedCalc Software, version 18.2.1).
RESULTS
In silico analysis of LIC13341 and identification of its orthologues Bioinformatics analysis of LIC13341 using the SignalP 3.0 program [19] predicted a signal peptide at the N-terminal with the cleavage site between the 55th and 56th amino acid residues. In addition, the CELLO [21, 22] and PSORT programs [20] predicted LIC13341 to be an outer membrane or periplasmic protein of Leptospira, respectively. The amino acid sequence of LIC13341, analysed manually, had a signal peptide that may be recognized by the spirochetal lipoprotein signal peptidase (Lsp) [23] . The CDS of LIC13341 fulfilled the requirements established for predicting spirochetal proteins to be lipoprotein in nature [23, 29, 40] . BLAST search analysis was performed using the available LIC13341 sequences from the NCBI database and 27 representative leptospiral sequences were used to construct the phylogenetic tree. The resulting phylogram showed a high level of sequence conservation among pathogenic spp. of Leptospira for LIC13341 (71-96 % amino acid sequence identity) in comparison to intermediates (64-66 %) and saprophytic spp. of Leptospira (42-46 %) ( Fig. 1 and Table 1 ).
Molecular characterization of the hypothetical protein LIC13341
To validate the bioinformatics analysis of LIC13341, genomic DNA or total RNA were isolated from Leptospira serovars for the molecular detection of LIC13341 by PCR and RT-PCR. From the NCBI genomic database of L. interrogans serovar Copenhageni strain Fiocruz L1-130, primers were designed to amplify LIC13341 by PCR. An amplified fragment of 1065 bp indicated the presence of LIC13341 in all the pathogenic L. interrogans serovars examined (Fig. 2a) . No amplification of LIC13341 was observed in L. biflexa serovar Patoc, a non-pathogenic Leptospira. However, a constitutive flaB gene of 852 bp was amplified in all the tested pathogenic and non-pathogenic Leptospira serovars. A reverse transcriptase polymerase chain reaction (RT-PCR) was performed to amplify LIC13341 from the total RNA isolated from various available Leptospira serovars. The amplified flaB and LIC13341 gene from cDNA validated transcription in all the tested pathogenic Leptospira serovars (Fig. 2b) . To rule out the possibility that the PCR amplification of LIC13341 from L. biflexa genome was negative because of the sequence of primer used in the PCR, a separate gene-specific primer of the LIC13341 orthologue (LBF0133) in L. biflexa serovar Patoc was designed. An amplification of 1149 bp from the genomic DNA and cDNA of L. biflexa serovar Patoc was observed, indicating the presence of an LIC13341 orthologue (LBF0133) in nonpathogenic L. biflexa (data not shown).
The gene encoding the hypothetical lipoprotein LIC13341 in the L. interrogans serovar Copenhageni genome was expressed in E. coli BL21 cells after cloning into a pET28a expression vector. The induction of protein expression was evaluated using 0.5 mM IPTG where overexpression of r-LIC13341 (~42 kDa) was evidently observed (Fig. 2c) . Using the purified r-LIC13341, polyclonal antibodies were raised in BALB/c mice. Immunoblotting of the r-LIC13341 and the lysates of pathogenic Leptospira serovars (Copenhageni, Lai and Canicola) using anti-LIC13341 antibody recognized both the native protein and the r-LIC13341 (Fig. 2d) . These results suggest that leptospiral native proteins shared a common epitope with the recombinant protein. Interestingly, the anti-LIC13341 antibody detected an additional band of LIC13341 with lower molecular size exclusively in the tested serovars of pathogenic Leptospira (Fig. 2d) . However, there was no detection of native LIC13341 by the anti-LIC13341 antibody in the lysate of L. biflexa serovar Patoc (Fig. 2d) .
LIC13341 is an outer membrane surface-exposed lipoprotein The cellular localization of LIC13341 was analysed by phase separation of the L. interrogans serovar Copenhageni proteome using Triton X-114. Herein, the immunoblot analysis performed using polyclonal anti-LIC13341 antibody detected that the LIC13341 was predominantly in the detergent phase of the Triton X-114; however, a small amount of Fig. 1 . Phylogenetic analysis of Leptospira spp. using the LIC13341 protein sequence. A total of 27 orthologues of LIC13341 were retrieved through a BLAST search of the NCBI database. The phylogenetic tree was constructed with the highest log likelihood (À4351.42) using the MEGA7 program, and pathogenic, intermediate and saprophytic Leptospira are displayed in red, blue and green, respectively. The percentage of the tree in which the associated taxa clustered together is shown next to the branches. A bootstrap value greater than 50 at each cluster shows the reliability of the data. The tree was drawn to scale, with branch lengths measured in the number of substitutions per site. The resulting phylograms show the high level of sequence conservation for LIC13341 (black box) among pathogenic Leptospira serovars.
the protein could also be found in the aqueous phase (Fig. 3a) . Previous cellular localization studies of Leptospira [29, 41] using Triton X-114 have shown that the outer membrane lipoproteins separate in the detergent (hydrophobic) phase, while periplasmic proteins separate into the aqueous phase. Additionally, immunoblot analysis using anti-LipL32 antibody detected LipL32 predominantly in the detergent phase, as reported previously [42, 43] , validating the Triton X-114 phase separation experiment.
To determine whether LIC13341 is a surface-exposed outer membrane protein, a protease-accessibility assay was performed for L. interrogans serovar Copenhageni. When ELISA was performed with r-LIC13341 antiserum on live Leptospira treated with proteinase K over a period of 0-5 h, there was a reduction in the recognition of LIC13341 (Fig. 3b) . The integrity of the spirochete cell wall during proteinase K treatment was confirmed by ELISA using an antiserum against LipL31, a previously described cytoplasmic membrane protein [31] . In addition, under similar conditions, an antibody against a known surface-exposed protein OmpL54 [32] showed that there was a reduction in the recognition of OmpL54 (Fig. 3b) . A reduction of around 70 % was observed for LIC13341 recognition in live Leptospira after 5 h of the protease assay, implying that LIC13341 is a surfaceexposed membrane protein. In contrast, no significant reduction in the reactivity of live spirochete with antiLipL31 antibody was observed, indicating that the integrity of the spirochete membrane was not compromised during the proteinase K assay (Fig. 3b) .
Recombinant LIC13341 binds to the host extracellular matrix macromolecules
The function of LIC13341 is not yet known, and so the bacteria-expressed affinity-purified r-LIC13341 was validated for its secondary structure integrity before any biochemical analysis was performed. The structural integrity of r-LIC13341 was evaluated by CD spectroscopy (Fig. 4a) . Analysis of the experimental CD spectra data for r-LIC13341 using the K2D2 program [33] predicted 8.02 % a-helix and 22.14 % b-strand, indicating its suitability for further biochemical studies. The secondary structure prediction for r-LIC13341 when the program PSIPRED [44] was used was closer to the experimental CD data.
Several comprehensive studies on the adherence of L. interrogans to the ECMs of hosts have suggested that numerous surface-exposed adhesion molecules exist on the outer membrane of Leptospira [28, 45, 46] . In such studies, Loa22, another outer membrane protein of Leptospira, is an ideal antigen for comparative analysis of antigen-ECM interaction because of its moderate attachment to host ECMs [28, 36] . Herein, to investigate the interaction of r-LIC13341 with ECM ligands using ELISA, r-Loa22, together with its specific antibody, was included in the study. Specific recognition of Loa22 in the lysates of pathogenic Leptospira serovars (Copenhageni, Lai and Canicola) and the recombinant protein using anti-Loa22 antibody allowed the inclusion of Loa22 for the study of antigen-ECM interaction (Fig. 4b) .
To evaluate LIC13341 interaction with the ECM components using ELISA, a soluble form of r-LIC13341 was allowed to bind to the immobilized host ECM components on microtitre plates. The antigen r-LIC13341 exhibited significant binding to laminin, fibronectin, collagen, hyaluronic acid, chondroitin sulfate A, elastin and heparan sulfate compared to the control protein fetuin or BSA (P<0.001) as a ligand (Fig. 4c) . Among these ECMs, laminin and hyaluronic acid showed the highest affinity for binding to r-LIC13341 on the microtitre plates. However, as anticipated, no specific binding of the antigen r-Loa22 to the target ECM macromolecules was detected in comparison to BSA or fetuin. Nevertheless, the binding of r-LIC13341 with laminin and hyaluronic acid was also assessed on a quantitative basis (Fig. 4d) . Dose-dependent and saturable binding was observed when increasing concentrations of the r-LIC13341 (0-24 µM) were allowed to bind to a fixed amount of laminin and hyaluronic acid (1 µg). The saturation level of r-LIC13341 binding to laminin and hyaluronic acid was reached at concentrations of 22 µM and 20 µM, respectively (Fig. 4d) . The calculated K D of the r-LIC13341 binding reactions was 420±57 nM and 299±35 nM to laminin and hyaluronic acid, respectively. In addition, the effect of gradient increases to the amount of r-LIC13341 on the inhibition of adherence to laminin and hyaluronic acid by live leptospires was examined by ELISA. The results indicated that the addition of increasing amounts (0-10 µg) of r-LIC13341 reduced leptospiral adherence to both laminin and hyaluronic acid in a dosedependent manner (Fig. 4e) .
To examine the role of the carbohydrate moieties of laminin in binding to r-LIC13341, laminin was oxidized using increasing concentrations of sodium metaperiodate (5-100 mM) at 4 C for 15 min. The inhibition of laminin binding to r-LIC13341 due to the gradual increase in sodium metaperiodate concentration is shown in (Fig. 5a ). This mild treatment ensures the cleavage of vicinal carbohydrate hydroxyl groups while the polypeptide chain structure remains intact [47] . The oxidation effect was dosedependent and the r-LIC13341 attachment to metaperiodate-treated laminin was reduced to less than 50 % at a periodate concentration of 100 mM (Fig. 5a ). These results indicate that the carbohydrate residues of laminin are critical for the interaction of r-LIC13341 with this major ECM glycoprotein. To further confirm the results of specific ECM binding, r-LIC13341 was heat-denatured before the binding reaction to hyaluronic acid. A sharp reduction in the binding of r-LIC13341 to hyaluronic acid under the denaturing condition demonstrates the influence of antigen structure on the binding with hyaluronic acid (Fig. 5b) . Moreover, the decline in binding under the denaturing condition suggests that conformational epitopes in LIC13341 are important for these interactions.
Recognition of recombinant LIC13341 by serum antibodies of human and bovine leptospirosis cases As LIC13341 is localized in the outer membranes of spirochetes, it was interesting to evaluate its recognition using immunoglobulins of Leptospira-infected hosts. ELISA was conducted to evaluate the recognition of r-LIC13341 with the human or bovine serum samples that tested positive for leptospirosis (n=50) by the MAT. As a control, human (n=15) and bovine (n=10) serum samples of that tested negative for leptospirosis by the MAT were included in the serological assay. MAT-positive serum samples, in contrast to MAT-negative serum samples, could agglutinate the reactive Leptospira serogroups at a titre !100. The calculated sensitivity and . Leptospira LIC13341 is a membrane-bound protein. Spirochetes whole-cell lysates (W) were subjected to Triton X-114 phase partition into aqueous (Aq) and detergent phases (Det). The aqueous and detergent phase fractions were resolved onto 12 % SDS-polyacrylamide gel and subsequently immunoblotted with anti-LIC13341 serum. A major portion of LIC13341 was present in the detergent phase and a smaller portion was present in the aqueous phase. Anti-LipL32 antibody, used as a positive control, detected LipL32 predominantly in the detergent phase in comparison to the aqueous phase. (b). The protease accessibility assay for L. interrogans serovar Copenhageni indicates that LIC13341 is a surface-exposed protein. Spirochetes were incubated with 25 µg of proteinase K at various time intervals up to 5 h at 37 C. The protease-treated spirochete suspensions were washed with PBS and used to coat a microtitre plate. Using ELISA, a drastic decrease in the signal for LIC13341 reactivity with its antiserum was observed after 1 to 5 h of proteinase K treatment, similar to the case with OmpL54, a known outer membrane protein. LipL31 was used as a control to check the cellular integrity of the spirochetes during treatment with proteinase K. The error bars represent the standard deviations (SDs) from the three replicates. Statistical analysis was performed using Student's t-test by comparing the signals obtained for 0 h and other time points of treatment with proteinase K (P<0.05).
specificity of the assay to recognize r-LIC13341 with human leptospirosis serum were 100 % (Fig. 6a and Table 2 ). In contrast, the bovine serum showed a lower per cent sensitivity (78) than human serum (100) to recognize r-LIC13341 (Fig. 6b and Table 2 ). Nevertheless, the specificity for detecting r-LIC13341 using bovine serum was 100 % (Fig. 6b) . The diagnostic test results for detecting r-LIC13341 by ELISA were compared with those for the MAT using Cohen's kappa coefficient value. The calculated kappa value for leptospirosis in human or bovine serum samples of indicated a very good (kappa 1.0; 95 % CI) and good (kappa 0.669; 95 % CI) strength of agreement, respectively. Moreover, the immunoblot analysis performed using pooled human/bovine sera that were positive for leptospirosis recognized both r-LIC13341 and r-Loa22 compared to leptospirosis MAT-negative serum samples (Fig. 6c, d ).
DISCUSSION
In the last two decades, genome sequencing studies have revealed a significant number of potential genes encoding for lipoproteins in spirochetes [40, [48] [49] [50] . The majority of these lipoproteins are hypothetical, with no assigned function. Among these hypothetical lipoproteins, LIC13341 was chosen for characterization as it is a conserved outer membrane protein in Leptospira with no known function. The deduced amino acid sequences of LIC13341 begin with a 53 The ELISA shows r-LIC13341 interaction with ECM components. BSA and the highly glycosylated serum protein, fetuin, were used as controls for non-specific binding. Recombinant Loa22 was included as a negative control for non-specific binding with the ECM components. Recombinant LIC13341 exhibited significant binding to all ECM components compared to fetuin or BSA (P<0.001), and with a higher affinity towards laminin and hyaluronic acid. In contrast, Loa22 showed moderate binding with the ECM components used in this study. The results are indicative of two independent experiments. (d). Dose-dependent binding of the r-LIC13341 to laminin and hyaluronic acid. Laminin-or hyaluronic acidcoated microtitre plates were incubated with increasing concentrations of r-LIC13341 (0-24 µM). Binding of LIC13341 was measured using the anti-LIC13341 serum at an appropriate dilution. The mean absorbance values of r-LIC13341 binding to laminin and hyaluronic acid at 450 nm are shown. (e). Inhibition of Leptospira adherence to ECM in the presence of r-LIC13341 using ELISA. Laminin or hyaluronic acid (1 µg per well) was coated onto the microtitre plates, followed by incubation with increasing concentrations of r-LIC13341 (0-10 µg) for 90 min at 37 C. Live L. interrogans serovar Copenhageni were added to microtitre plates and incubated for 90 min at 37 C. After washing, the bound leptospires were quantified using anti-Loa22 serum. The absorbance was measured at wavelength of 450 nm using an ELISA plate reader. The binding of L. interrogans to laminin or hyaluronic acid in the absence of r-LIC13341 was considered to be 100 %. A gradual reduction in Leptospira attachment to ECM was observed with increasing r-LIC13341 concentration. The error bars represent the standard deviations (SDs) of the three replicates.
residue-long signal peptide that has a positively charged amino terminal (N region), a hydrophobic region (H region) with more than 6 residues (39th to 48th amino acid) and a carboxyl-terminal region (C region) demarcated as a lipobox with the residues Leu49, Phe50, Val51, Ala52 and Cys53 [51] . The bacterial outer membrane-associated proteins may interact with the host and act as a key virulence factor that is essential for its dissemination, pathogenesis, or protective immunity.
We report that LIC13341 is a lipoprotein of L. interrogans with the ability to bind host ECM and is a potential candidate marker for a recombinant protein-based serodiagnostic test. Phylogenetic analysis of Leptospira using the LIC13341 protein sequence shows that the protein is more conserved in pathogenic strains of Leptospira than it is in non-pathogenic strains. The presence of a conserved LIC13341 gene was clearly demonstrated by PCR and RT-PCR in various serovars of pathogenic L. interrogans, namely Copenhageni, Lai, Canicola, Pomona and Bataviae. The RT-PCR results were along the same lines as those for the immunoblot analysis performed to detect LIC13341 in the lysates of various Leptospira serovars. Interestingly, the anti-LIC13341 antibody recognized an additional lower band of LIC13341. Such diversity in the mobility of LIC13341 may be due to lipidation, in a similar manner to the other Leptospira antigens, LenD [52] and LipL32 [53] . It is a known phenomenon that lipoprotein does not bind the same amount of SDS per gram of protein [50] . The correlation of mobility and molecular weight falls apart under those circumstances. Moreover, the recombinant LIC13341 protein used is nonlipidated and includes vector fusion.
The cellular localization of LIC13341 in Leptospira using a protease-accessibility assay and a Triton X-114 detergent phase separation assay determined that LIC13341 is a surface-exposed membrane protein. These findings agree with the previous report in which LIC13341 (NT03LI4002) was detected by mass spectrometry in the fractioned proteome of Leptospira [54] . Similarly, a conditioned Leptospira culture that mimicked infection detected LIC13341 by mass spectrometry in whole-cell pellets of Leptospira [55] . Moreover, high-throughput RNA sequencing of Leptospira demonstrated moderate up-regulation of LIC13341 transcripts (1.75-fold) in the host in comparison to the in vitro culture condition [56] . Using bioinformatics, the cellular location of LIC13341 in Leptospira [54, 55] was consistently predicted to be a membrane protein that was most likely to occur at the outer membrane, as previously shown for LipL32 [29, 50] . Therefore, it was interesting to investigate whether LIC13341 has a role in mediating Leptospira-host interaction.
We demonstrate that r-LIC13341 is an adhesin protein that binds to a wide spectrum of host ECM components. The secondary structure of r-LIC13341 displayed sustained integrity of the protein and is ideal for studying the binding of the ECM components. Moreover, the inclusion of the Loa22 antigen, which displays moderate binding, in the ECM binding assay, as previously reported [28] , demonstrated the specific interaction of r-LIC13341 with the ECM components. It is suggested that leptospiral attachment to ECM correlates with virulence, since the virulent strains of Leptospira attach more effectively than the intermediate and avirulent strains [57] . Such adhesion of r-LIC13341 to a spectrum of ECM components suggests that LIC13341 may have a role in virulence that aids Leptospira to colonize in various tissues of the host, as described for some other Leptospira membrane proteins, namely OmpL37 [18] and . Heat-denatured r-LIC13341 fails to bind hyaluronic acid. Hyaluronic acid-coated (1 µg per well) microtitre plates were allowed to bind with increasing concentrations of r-LIC13341 (0.25-4 µM) or its heat-denatured form (Dr-LIC13341). Binding was detected using the anti-LIC13341 serum at an appropriate dilution. The mean absorbance values at 450 nm (± the standard errors of two independent experiments) are shown.
OmpL1 [58] . The affinity of r-LIC13341 for the ECM components laminin and hyaluronic acid was clearly demonstrated in this study. Dose-dependent specific and saturable binding of r-LIC13341 to immobilized laminin and hyaluronic acid demonstrates the properties of typical receptorligand interaction. Interestingly, the binding of L. interrogans with laminin and hyaluronic acid was not completely inhibited in the presence of r-LIC13341. Such partial inhibition of the binding of leptospires to laminin and hyaluronic acid by r-LIC13341 suggests that there is a contribution from additional L. interrogans binding proteins. Metaperiodate oxidation of laminin or heatdenaturation of r-LIC13341 leads to a sharp decline in receptor-ligand interaction. The critical role of the carbohydrate moieties of laminin in the interaction of spirochetes is in agreement with earlier reported data [11, 36] . The calculated binding affinity of r-LIC13341 to laminin was of the same magnitude as that of the previously reported Fig. 6 . Recombinant-LIC13341 is recognized by leptospirosis-positive sera. ELISA was performed to detect r-LIC13341 using the human and bovine sera that tested positive by the MAT (n=50) and control serum that testing negative for leptospirosis by the MAT. The absorbance obtained from each serum sample was plotted as an empty circle or a triangle for MAT-positive and -negative samples, respectively. The cutoff value of the assay was derived from the mean of the control group plus two SDs (standard deviations) for the antigen used (dotted black lines). The mean of each group is represented by black horizontal lines. (a). ELISA to detect r-LIC13341 (400 ng per well) using human sera testing positive for leptospirosis. The sensitivity and specificity of the assay were both 100 %. (b). ELISA to detect r-LIC13341 (400 ng per well) with bovine sera testing positive for leptospirosis. The sensitivity and specificity of the assay were 78 and 100 %, respectively. (c). Immunoblot using pooled leptospirosis-positive human serum recognizes r-LIC13341 and r-Loa22 antigens. Recombinant antigens (r-LIC13341 and r-Loa22; 1 µg per lane) were separated on 12 % SDS-PAGE and stained with Coomassie dye (top panel). Immunoblot using pooled human serum testing positive for leptospirosis recognized each antigen (r-LIC13341 and r-Loa22) with equal intensity (middle panel). In contrast, there was no remarkable recognition of these antigens using pooled human serum testing negative for leptospirosis (lower panel). (d). Immunoblot analysis using pooled leptospirosis-positive serum samples of bovine recognizes r-LIC13341 and r-Loa22 antigens. Each antigen (r-LIC13341 and r-Loa22) was recognized with equal intensity in the immunoblot (upper panel). In contrast, there was no remarkable recognition of these antigens using pooled bovine serum testing negative for leptospirosis (lower panel).
Leptospira membrane proteins, Lsa25, Lsa33 [30] and OmpL37 [18] . Evidence for leptospires binding to hyaluronic acid has been published elsewhere [59] , which suggests that r-LIC13341 may be one of the receptors that bind to hyaluronic acid. To date, to the best of our understanding, no adhesin has been reported in Leptospira that binds to hyaluronic acid with high affinity. In addition to Leptospira, other spirochetes, such as Treponema denticola [60] and Treponema pallidum [61] have also been found to interact with hyaluronic acid.
We also demonstrated that the antibodies generated during natural Leptospira infection in humans and bovines can detect r-LIC13341 with high sensitivity and specificity. However, this recombinant antigen-based serological assay demonstrated lower sensitivity with bovine sera compared to human sera. Such a difference in sensitivity among the host sera may be due to the differential expression of LIC13341 during leptospirosis. Moreover, LIC13341 of L. interrogans serovar Copenhageni only shows 78 % identity with its orthologue in L. borgpetesenii serovar Hardjo, the Leptospira serovar that is more prevalent in bovine species [62, 63] .
In conclusion, we have identified a conserved immunogenic LIC13341 lipoprotein encoded by the LIC13341 gene in pathogenic L. interrogans serovars. The recombinant LIC13341 protein displays interaction with a spectrum of host ECMs and can be serologically detected by antibodies present in serum samples from bovines and humans naturally infected with Leptospira. Such an in vitro assay to evaluate the possible role of this novel protein, where no function is assigned during genome annotation, may be beneficial to understand leptospirosis. The characterization of new diagnostic antigen markers for Leptospira would help address the current need for diagnostic tools for this under-reported disease, which is neglected globally.
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